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A Ca2-Dependent Global Conformational Change
in the 3D Structure of Phosphorylase Kinase
Obtained from Electron Microscopy
the other three subunits; however, the overall extent of
the Ca2-dependent conformational changes in the PhK
holoenzyme has not been previously studied.
To determine the structural changes in the enzyme
caused by the binding of activating Ca2 ions first re-
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University of Missouri-Kansas City quires the structure of nonactivated PhK. Because of
Kansas City, Missouri 64110 its large size, the ()4 PhK holoenzyme is particularly
amenable to analysis by microscopic techniques and
has been studied by transmission [11–14] and scanning
transmission electron microscopy [13, 14] as well as by
Summary scanning tunneling [15, 16] and atomic force microscopy
[16]. We previously deduced a three-dimensional model
Phosphorylase kinase (PhK), a Ca2-dependent regu- of nonactivated PhK from four characteristic two-dimen-
latory enzyme of the glycogenolytic cascade in skele- sional projections (chalice, cross, butterfly, and cube)
tal muscle, is a 1.3 MDa hexadecameric oligomer com- observed in negatively stained transmission and un-
prising four copies of four distinct subunits, termed stained scanning transmission electron micrographs
, , , and , the last being endogenous calmodulin. [14]. The structure of the holoenzyme was suggested
The structures of both nonactivated and Ca2-acti- to be a pseudotetrahedron of elongated  protomers
vated PhK were determined to elucidate Ca2-induced packed head-to-head, forming two octameric ()2
structural changes associated with PhK’s activation. lobes joined by connecting bridges, with the four 
Reconstructions of both conformers of the kinase, protomers in D2 symmetry. In this current study, image
each including over 11,000 particles, yielded bridged, reconstruction of over 11,000 negatively stained parti-
bilobal structures with resolutions estimated by Fou- cles, viewed from a multitude of directions, has been
rier shell correlation at 24 A˚ using a 0.5 correlation performed to produce a three-dimensional structure of
cutoff, or at 18 A˚ by the 3 (corrected for D2 symmetry) nonactivated PhK that refines and largely corroborates
threshold curve. Extensive Ca2-induced structural our previous deduced model. Moreover, the same ap-
changes were observed in regions encompassing both proach with the Ca2-activated conformer shows exten-
the lobes and bridges, consistent with changes in sub-
sive conformational changes with respect to the nonac-
unit interactions upon activation. The relative place-
tivated structure, and these changes are consistent with
ment of the , , , and  subunits in the nonactivated
the relative locations and Ca2-dependent interactionsthree-dimensional structure, relying upon previous
of the four PhK subunits.two-dimensional localizations, is in agreement with
the known effects of Ca2 on subunit conformations
Resultsand interactions in the PhK complex.
Model-Based 3D ReconstructionIntroduction
Electron micrographs of negatively stained PhK showed
images of the molecule in a multitude of orientations,Phosphorylase kinase (PhK), a 1.3 MDa hexadecameric
including the four common orientations previously iden-oligomer ()4, regulates energy production in mam-
tified by visual inspection [14]. All images of particlesmalian skeletal muscle by phosphorylating and activat-
of the approximate dimensions of PhK (15–25 nm di-ing glycogen phosphorylase, thereby increasing flux
ameter) were selected for analysis and represented athrough the glycogenolytic cascade (reviewed in [1, 2]).
wide spectrum of viewing directions. A simple three-The activity of the catalytic  subunit within the PhK
dimensional model of PhK was calculated and usedholoenzyme is suppressed by constraining quaternary
for initial alignment and orientation of each image withinteractions imposed by its regulatory , , and  sub-
respect to a common reference. This starting modelunits. Disruption of these constraining interactions, with
(Figure 1A) is made up of eight spheres arrayed in twoconcomitant activation of , occurs when allosteric and
arcs, each approximating the size of the octamericcovalent modification sites on the regulatory subunits
()2 lobes of PhK [14]. The two arcs are positionedare targeted by neural (Ca2), hormonal (cAMP, Ca2),
back-to-back in close proximity, with their initial dihedraland metabolic (ADP) signals (reviewed in [1, 2]). Its abso-
angle arbitrarily set at 90. This model is roughly basedlute dependence on Ca2 ions for activity allows PhK to
on a previous interpretation of electron micrographs ofintegrate energy production with muscle contraction. It
is the  subunit, a nondissociable, endogenous calmod- PhK [14] but omits structural details suggested by that
ulin molecule [3], that confers the Ca2-dependence on analysis. The starting model was rotated in increments
the kinase activity [4, 5]. The binding of Ca2 to the  of 5 in the Euler angle  (and corresponding increments
subunit has been shown by chemical modification and of φ) to allow even sampling of all possible viewing
crosslinking [6–8], as well as by immunoreactivity [9] and directions. The electron microscopy images were
differential proteolysis [10], to alter the conformations of
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ignated in Figure 5.) Use of this reconstructed volume
as a model for the following round of analysis yielded
a better match of images to reference projections and
a reconstruction that further defines features of PhK,
such as the upturned tips of the lobes (Figure 1C). Re-
finement by iterative application of this procedure pro-
duced successive reconstructions that displayed addi-
tional features of PhK, until convergence was reached,
usually within 8–10 iterations, as judged by lack of fur-
ther changes in the structure and by stability in the
assignment of image orientations. Several changes were
introduced during these successive iterations, including
redefinition of both lobe shape and dihedral angle, re-
duction of overall dimensions, and the appearance be-
tween the lobes of a pair of bridges (Figure 5), which
are first seen as thin strings (Figure 1D) and eventually
as thicker well-defined connections (Figures 1G and 1H).
Reconstruction of Nonactivated PhK
Independent reconstructions of three different prepara-
tions of nonactivated PhK (Figure 2, rows A–C), which
were essentially uniform in purity and activity, were per-
formed to evaluate the reproducibility of the final struc-
ture derived from stained images of the molecule. Thus,
the possible effects of variations in both the samples
themselves and in sample preparation (differential stain-
ing, grid preparation, etc.) were evaluated. Each recon-
struction is shown in the four characteristic, well-docu-
mented views (Figure 2, columns 1–4) of PhK [13, 14].
The chalice view (column 1) shows the full length and
height of the upper lobe, which is in the plane of the
paper, while the bottom lobe projects out from that
plane. Rotation of the upper lobe of the chalice view 90
around the horizontal axis toward the viewer produces
the cross view (column 2), which shows the complete
exterior face for the proximal lobe and a portion of the
interior face of the distal lobe. Each lobe face representsFigure 1. Steps in the Reconstruction and Refinement of Nonacti-
vated PhK the remaining third dimension of the lobe, its width. The
(A) The starting model, consisting of eight spheres (8.5 nm diameter) dihedral angle between the lobes is also best seen in
arranged in two arcs with D2 symmetry. this view. The butterfly view (column 3) is obtained from
(B) Initial 3D reconstruction of images aligned to projections of the the chalice by a clockwise rotation of 45 (looking down
starting model in (A). at the upper lobe) around the vertical axis, followed by
(C) Second round of refinement using the same data, but with the
a second rotation of 90 in the plane of the paper. Theprevious reconstruction as the model for image alignment and orien-
butterfly view best illustrates the distance between thetation.
(D–H) Subsequent rounds of refinement, following the same protocol lobes and the angle of attachment of the connecting
as in (C). The results from rounds 4, 5, 6, 10, and 12 of refinement, bridges to the interior lobe faces. The cube view (column
corresponding to structures in (D–H), respectively, illustrate the 4), which is also obtained by a 45 rotation of the chalice
emergence of prominent structural features and the point of conver- around the vertical axis (this time counterclockwise),
gence during refinement. Note the progressive change in the shape
shows the distance separating the two bridges.of the lobes and the appearance of the bridges. Convergence is
The reconstructions from the three different proteinreached by round 10 (G), and no further changes are observable in
successive rounds (up to 20 rounds carried out). The overall height preparations were compared with respect to the struc-
of the structure in (h) is 23 nm. tural elements observed in the four characteristic views
and were found to exhibit remarkable consistency in
their major structural features. Each structure contains
two crescent-shaped lobes oriented by the imposedaligned to the set of model projections and classified
by optimum correlation, yielding 98 well-represented D2 symmetry in a back-to-back arrangement with an
average dihedral angle between their long axes of ap-categories of images (the model’s D2 symmetry de-
creases the number of distinct projections). Three- proximately 65. Two bridges, each running perpendicu-
lar to the long axes of the lobes, connect the outer sidesdimensional reconstruction of the aligned and oriented
images generated a preliminary reconstruction (Figure of each lobe near the center of the molecule (Figure 2,
columns 3 and 4). As viewed from the exterior lobe1B) in which the two lobes appear as continuous, modu-
lated structures, separated by3–4 nm. (The lobes and face of the cross view (Figure 2, column 2), the bridges
emanate from opposite sides of a low-density centralother topographical features discussed herein are des-
Ca2-Induced Conformation of Phosphorylase Kinase
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Figure 2. Reconstructions of Nonactivated PhK
Reconstructions of three separate enzyme preparations shown in the chalice (column 1), cross (column 2), butterfly (column 3), and cube
views (column 4). Totals of 1302, 3468, and 5280 particles were used in the reconstructions (A–C), respectively. The same three enzyme
preparations were used in the reconstructions of both nonactivated and Ca2-activated PhK; thus, reconstructions (A–C) in this figure directly
correspond to reconstructions (A–C) in Figure 3.
region that divides the lobe into two equal halves. Each reconstructions but only a depression in the third (Figure
2, column 2). Although the independent reconstructionshalf-lobe is further divided into two modules, corre-
sponding to an interior arm and a distal tip (Figure 5). from the three different preparations of nonactivated
kinase do exhibit these minor structural differences (Fig-Both the arm and the tip, as viewed from the side of the
lobe in the butterfly view (Figure 2, column 3), protrude ure 2), it will be shown that large, shared structural
changes are observed in the reconstructions derivedfrom the exterior lobe face, giving the outer surface of
the lobe a scalloped appearance. In the cube view, the from samples of these selfsame enzyme preparations
prepared in the presence of Ca2 ions (Figure 3), i.e.,distal tips appear as oblate spheroids that are oriented
perpendicular to the faces of the lobe (Figure 2, column 4). extensive, common, Ca2-induced structural changes
are evident in each of the enzyme preparations tested.Several minor structural differences, which are not
the result of the particles being surfaced at different To average the variability among samples, a recon-
struction of nonactivated PhK was carried out by com-molecular volumes, can be observed among the recon-
structions (Figure 2). For example, although the place- bining the particles from each of the three preparations
shown in Figure 2. A total of 11,686 aligned images wasment and shape of the bridges are essentially the same
for each reconstruction, their widths vary by several used in this comprehensive reconstruction (Figure 4,
column A). Images were surfaced to represent 100% ofnanometers. This variation in the bridge region is not
unexpected, given that it is a region of low density that the molecular volume of PhK (1600 nm3), which was
calculated by using a partial specific volume of 0.74is likely to be affected by differential staining. A second
structural difference is the dihedral angle between the cm3/g [17]. Calculation of the resolution of the compre-
hensive structure through comparing reconstructionstwo lobes. Comparing rows A–C of column 2 in Figure
2 reveals a progressive increase in the dihedral angle, from independent halves of the data set by Fourier Shell
Correlation (FSC) with a 0.5 correlation cutoff yielded awith an average of 65. One possible explanation for this
difference is variations in distorting forces that influence value of 24 A˚. In contrast, using the 3 criterion threshold
curve (corrected for the D2 symmetry of PhK) to calculatethe orientation of the lobes with respect to each other
on the surface of the grid during staining, especially resolution gave a value of 18 A˚ or better. Because of
statistical concerns related to the latter approach [18],considering the large size of the lobes relative to their
small connecting bridges. Alternatively, the difference the more conservative former estimate of resolution may
better reflect the data.could be due to intrinsic differences in the kinase prepa-
rations themselves. A third minor structural difference The comprehensive reconstruction shows consider-
able structural detail in regions that are relatively poorlyoccurs in the region of low density at the center of the
exterior lobe face, which is an actual hole in two of the resolved in each of the individual reconstructions. For
Structure
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Figure 3. Reconstructions of Ca2-Activated PhK
Reconstructions of Ca2-activated PhK from three separate enzyme preparations shown in the chalice (column 1), cross (column 2), butterfly
(column 3), and cube views (column 4). Totals of 2454, 4169, and 5064 particles were used in the reconstructions (A–C), respectively.
example, a protuberance (Figure 5) is observed on op- used were prepared in the presence of saturating 300
	M free Ca2. The independent reconstruction of eachposing sides of the lobe tips, with definite boundaries
preparation (a–c) is shown in the four characteristicvisible in all views of the structure (Figure 4, column A);
views (Figure 3, columns 1–4) previously described forthis same feature varies in size from structure to struc-
the nonactivated kinase (Figure 2). The major structuralture in reconstructions A–C (Figure 2, columns 3 and 4).
features of all three reconstructions of the activated PhKGreater structural detail is also observed in the bridges
are consistent with the reconstructions of the nonacti-of the final reconstruction: the exterior sides of the brid-
vated kinase and among each other. They reveal a struc-ges project out at 25 angles from the interior vertical
ture containing two rectangular-shaped lobes with aside of each to form an elongated pyramidal-shaped
central depression, associating with an average dihedralstructure (Figure 4, A4). Although the comprehensive re-
angle of approximately 51. Two bridges, each runningconstruction exhibits greater structural detail than the re-
essentially 19 incident to the lobe faces, connect theconstructions from the three individual preparations, it
outer edges of each lobe near the center of the moleculereinforces the features that are common among those
(Figure 3, column 3). As viewed from the exterior lobereconstructions, including overall lobe shape and the
face of the cross view (Figure 3, column 2), the bridgestwo connecting bridges perpendicular to the long axes
emanate from opposite sides of a central core regionof the lobes. The widths of the lobes of the comprehen-
that separates two poorly-defined domains, represent-sive structure decrease from 9.9 nm at the center of the
ing the outer arm and tip of the lobe (Figure 5). Theselobe face to 4.7 nm at the lobe tips (Figure 4, A2), with
two domains, when viewed from the side in the butterflyan average lobe width of approximately 7.7 nm. The
orientation (Figure 3, column 3), protrude perpendicu-axial ratio of a lobe (length/width) is calculated to be
larly from the exterior lobe face to almost equal extents.2.4, which is identical to the value calculated by Norcum
Best observed in the cube view, the lobe tips are tear-et al. [14]. The average height of a lobe is determined
drop-shaped domains oriented nearly perpendicular toto be 7.8 nm or approximately the same as its average
the long axes of the lobes (Figure 3, column 4).width. The various dimensions and angles describing
As was the case with the reconstructions of the nonac-the structural features of the comprehensive reconstruc-
tivated PhK, several minor structural differences are alsotion are listed in Table 1.
observed among reconstructions of the Ca2-activated
enzyme. These are observed in the bridges, the dihedral
Reconstruction of Ca2-Activated PhK angle between the lobes, the region of low density in
To determine whether activating Ca2 ions cause visible the center of the exterior lobe faces, and some contours
structural changes in the PhK molecule, electron micro- at the periphery of the lobes. Although the width and
the angle of the bridges with respect to the lobes are thegraphs of the same three kinase preparations previously
Ca2-Induced Conformation of Phosphorylase Kinase
27
Figure 4. Structural Differences between
Nonactivated and Ca2-Activated PhK
(A) Comprehensive reconstruction of nonac-
tivated PhK, incorporating a total of 11,686
particles from preparations (A–C) in Figure 2.
(B) Comprehensive reconstruction of Ca2-
activated PhK, incorporating a total of 11,009
particles from preparations (A–C) in Figure 3.
The resolution estimated for both reconstruc-
tions was 24 A˚ by Fourier Shell Correlation,
using a 0.5 correlation cutoff, or 18 A˚ by the
3 criterion threshold curve (corrected for the
D2 symmetry of each reconstruction).
(C) Overlays of the nonactivated (blue) and
Ca2-activated (red) structures. Overlapping
density is indicated in purple, and contours
are highlighted in white. Both conformers of
the kinase (A, B) and their corresponding
overlays (C) are shown in the chalice (row 1),
cross (row 2), butterfly (row 3), and cube (row
4) views.
same, a structural variation is observed in the interlobal which are discussed in detail in sections following. The
comprehensive reconstruction exhibits features com-region of the bridges, namely, a kink in the bridges of
reconstruction a (Figure 3, A4). It should be pointed mon to reconstructions a–c but has smoother contours
with less abrupt transitions between adjacent domains.out, however, that this reconstruction lacks the overall
smooth contours of reconstructions B and C (Figure 3), Its salient topographical features are (1) lobes that are
relatively uniform in width (Figure 4, B2) and that havewhich are based on larger numbers of images. The dihe-
dral angle between the lobes ranges from approximately four protrusions projecting perpendicularly from the ex-
terior lobe face (Figure 4, B1 and B3); (2) lobe tips that50 to 60 for the three reconstructions (Figure 3, column
2). As observed for nonactivated PhK, a region of low are tear-drop-shaped with their pointed ends projecting
away from the center of the molecule (Figure 4, B4); (3)density at the center of the exterior lobe face also varies
to a small extent for each reconstruction, and in two of an apparent dihedral angle between the vertical axes of
the lobes of approximately 51 (Figure 4, B2); and (4)them (A and B), an actual hole of 3–4 nm is observed
(Figure 3, column 2). two bridges that run between the lobes at opposing angles
of 19 to the lobes’ long axes, forming an X in the butterflyTo average the variability among samples, a compre-
hensive reconstruction of Ca2-activated PhK was car- projection of the structure (Figure 4, B3). Ve´nien-Bryan
et al. ([19]; this issue of Structure) independently ob-ried out by combining the particles from each of the
three individual preparations. A total of 11,009 aligned served similar structural features in a reconstruction
from images of stained, activated PhK using differentimages was used in this comprehensive reconstruction,
and the resulting structure is shown in Figure 4, column methods of alignment and reconstruction.
B. The resolution of this structure is identical to that of
the nonactivated structure using either the FSC (24 A˚) or Structural Differences between Nonactivated
and Ca2-Activated PhKcorrected 3 correlation curve (18 A˚ or better) approach.
The overall dimensions of the Ca2-activated PhK are A comparison of the comprehensive structures derived
from images of nonactivated versus Ca2-activated PhKsimilar to those of the nonactivated form; however, there
are differences in the bridges and the shape of the lobes, reveals a substantial change in the shape of the lobes,
Structure
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in the cross view (Figure 4, C2) where regions of only
blue density (corresponding to the protuberances ob-
served in the nonactivated form) project out from the
sides of the four lobe tips. In the Ca2-activated form
of the kinase, a combination of factors contributes to a
more bulky, box-like appearance for the lobe: first, the
lobe tips partially collapse into the body of the lobe
(Figure 4, rows 1 and 3); second, the middle two projec-
tions on the exterior lobe face become broader and
extend out further from the lobe (Figure 4, rows 1 and
3), increasing the density of the inner arms; and third,
the protuberances near the lobe tip, discussed above,
collapse into the lobe (Figure 4, rows 1–3). The results
clearly show that large changes in the distribution of
density occur in the arm and lobe tips going from the
nonactivated to the Ca2-activated conformations of
PhK.
Figure 5. Approximate Positions of Subunits and Location of Topo- Prominent structural differences are also observed in
graphical Elements
the bridges of the two structures. Details of the bridges
Positions of subunits within one  protomer (the upper left half- vary more than any other major feature in the separatelobe) of nonactivated PhK are estimated from the locations in two-
reconstructions of the kinase; however, the angle of thedimensional projections by immunoelectron microscopy of epitopes
bridges with respect to the interior lobe faces is veryfor the , , and  subunits [20, 21] and by scanning transmission
consistent within each set of independent reconstruc-electron microscopy of Nanogold-labeled  subunit [23]. The right-
hand lobe displays the names of locations of the various topographi- tions from nonactivated and Ca2-activated PhK (Fig-
cal elements referred to in the text. ures 2 and 3). In the former, the bridges extend between
the lobes virtually parallel to each other, whereas in the
latter, they cross, running approximately 19 incident to
reflecting a redistribution of density within the arm and the lobe face. Coincident with this change in incident
lobe tip regions (Figure 4). The differences in structure angle, the exterior middle portion of the bridges appears
between the two forms of the kinase outweigh any differ- to move inward upon activation by Ca2 (Figure 4, middle
ences among the three independent reconstructions for two of the six blue exterior projections in C2, C4). These
either form. The specific changes that occur upon acti- results suggest that activation of the kinase alters the
vation of the kinase by Ca2 are more apparent in partic- orientation of the lobes with respect to each other. In
ular views of the kinase and will be discussed accordingly. fact, the measured dihedral angles between the two
Overlays in Figure 4, column C of the nonactivated (blue) lobes of the comprehensive reconstructions of the non-
and Ca2-activated (red) comprehensive reconstruc- activated and the Ca2-activated forms of the kinase
tions contrast their structural differences, showing each are different: 68 and 51, respectively (Figure 4, row 2;
form’s respective color in the regions of nonoverlap. As Table 1). It is unclear, however, whether this apparent
shown in the chalice and butterfly views (Figure 4, rows change in dihedral angle for the two forms reflects an
1 and 3, respectively), the extent to which the lobe tips actual repositioning of the two lobes in the holoenzyme
project from the face of the lobe is markedly reduced or, alternatively, differential surface interactions be-
in the presence of Ca2. In these same views, it is appar- tween the lobes and the carbon surface of the grid. For
ent that the large protuberances on the side of the lobe example, the altered conformation of the lobes could
tips disappear upon activation of PhK. The preceding influence how they interact with the carbon surface,
thereby leading to artifactual distortions in their appar-structural change is also evident in overlays of the kinase
Table 1. Dimensions and Geometries for Reconstructions of Nonactivated and Ca2-Activated PhK
Reconstruction Nonactivated PhK Ca2-Activated PhK
Structure Features Measured (view) Dimensions (nm)/Angles () Dimensions (nm)/Angles ()
Molecule Overall 19 
 23 19 
 22
Maximum planar dimension 26 25
Lobe Length (butterly/chalice) 19 19
Maximum width (cross) 10 10
Average width 8 7
Maximum height, lobe tip to interior face (chalice) 10 9
Average height (chalice) 8 8
Axial ratio (length/average width) 2 3
Dihedral angle (cross) 68 51
Bridges Interior interlobal length (butterfly) 3 3
Intralobal length (chalice) 5 6
Total length 14 15
Width (butterfly) 4 4
Angle of incidence to interior lobe face (butterfly) 0 19
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ent orientation with respect to each other. Regardless face exposed. The structure of an  complex (69% 
by mass) derived from negatively stained images ap-of whether the lobes change in their relative orientation
upon activation, the large-scale structural changes in proximates the size and shape of the arm and tip of a
single lobe [12, 13]. Because the  and  subunits areboth the lobe and bridge regions strongly indicate a
Ca2-induced global conformational change in PhK. small and at least partially located on the interior of the
lobes, it is likely that the exterior lobe faces are largely
composed of . The  complex is devoid of bridge
Discussion elements [13], suggesting the involvement of the  sub-
units in forming this topographical feature. Further evi-
Features of the PhK Holoenzyme Structure dence supporting the involvement of  subunits in
For each conformer of the kinase, reconstructions from bridge formation is the finding that selective proteolysis
three different enzyme preparations converged to a of  does not abolish bridges, whereas proteolysis of
common structure. The topographical details, including both  and  leads to the formation of unbridged single
the bridges, lobe shape, and dihedral angle between lobes [13]. Additional evidence is the localization by
the lobes, were derived from the data and not from the immunoelectron microscopy of an epitope of the  sub-
model, which was designed only to approximate the unit immediately adjacent to the bridges [21]. If, in fact,
dimensions [14] and symmetry of association [20, 21] the bridges are made of  subunits, it should be noted
of the octameric ()2 lobes of the hexadecameric that there are only two bridges but four  subunits,
PhK molecule [14, 20, 21]. The structural differences suggesting the occurrence of - dimerization in interlo-
observed between the two conformers far exceeded any bal bridging. In support of this notion, crosslinking of
structural differences observed among the individual the nonactivated holoenzyme with the short crosslinker
preparations of a given form. Confirming our model- 4-phenyl-1,2,4-triazoline-3,5-dione results in the forma-
based approach, Ve´nien-Bryan et al. [19] carried out a tion of - dimers [7].
reconstruction of an activated conformer of PhK using To further examine the intra- and interlobal associa-
nontilted and tilted images in the random conical tilt tions between  protomers (numbered 1–4 in Figure
method. The structure that they derived is strikingly simi- 6), we have removed slices of density from the crossview
lar to our reconstruction of Ca2-activated PhK in having of the reconstruction of nonactivated PhK (Figures 6A–
oblique bridges, tear-drop-shaped lobe tips that do not 6F). The head-to-head arrangement of the two protom-
project significantly from the lobe face, and lobes of ers within a lobe is best visualized in Figure 6B, where
relatively uniform width. both the bottom lobe and interior lobe face of the top
The comprehensive structure of the nonactivated en- lobe have been deleted, showing the positions of two
zyme provides a 3D model onto which the locations of identical fragments approximately the size and shape
PhK’s four different subunits can now be approximately of  complexes [12, 13]. The physical connectivity of
placed relative to one another. Previously, epitopes for these fragments to each other requires the presence
monoclonal antibodies against the  (residues 1132– of the central core region, which contains the bridge
1237) [22],  (residues 703–815; Q.Yang and G.M.C., elements. It might be noted that trimeric  complexes
unpublished data), and  (residues 277–290) [21] sub- can be dissociated intact from the holoenzyme by LiBr
units have been localized by immunoelectron micros- [24]. Successive removal of density from the top lobe
copy of complexes of nonactivated PhK with the specific was carried out (Figures 6C and 6D), leaving two sepa-
antibodies in 2D projections [20, 21]. Recently, the  rate regions of density that connect only to the bottom
subunit has been localized in 2D scanning transmission lobe via the bridges; the points of their bridge connec-
electron microscopy images of nonactivated PhK in tions to that lobe are shown in Figure 6E. Interlobal
which the endogenous  subunit had been exchanged connectivity was observed between the two odd-num-
with Nanogold-labeled calmodulin [23]. The relative lo- bered and the two even-numbered protomers (i.e., 1-3
cations of the four subunits are shown in Figure 5 in the and 2-4) when sufficient density was removed from the
context of a single  protomer, which packs head- top and bottom lobes (Figure 6F); in the butterfly view,
to-head with a second tetrameric protomer within each this linkage is between diagonally opposed protomers.
octameric lobe [14, 20]. Based on the evidence cited above suggesting  sub-
The relative placement of the four individual subunits units as bridge components, we presume that diagonally
by microscopy is entirely consistent with our biochemi- opposing protomers from each lobe communicate
cal knowledge of those subunits and their interactions through paired isologous interactions between their regu-
within the PhK holoenzyme. Stable  complexes can latory  subunits.
be isolated from the holoenzyme [24] as well as reconsti-
tuted from the two individual subunits [25, 26]. Through
the use of synthetic peptides and truncation, the  sub- Ca2-Dependent Structural Changes
Ca2 exerts its activating structural effects on the PhKunit has been shown to interact with a C-terminal regula-
tory region of the  subunit [27, 28]. The proximity of  holoenzyme through binding to the endogenous cal-
modulin subunit, . One of the prominent structuralto  has been demonstrated by chemical crosslinking
[6]. Also through crosslinking the  subunit has been changes induced by Ca2 occurs within the bridges,
which go from nearly parallel in the absence of Ca2 toshown to interact with a C-terminal region of the  sub-
unit [8]. Because  is by far the most susceptible of oblique in its presence (Figure 4). Assuming that the
bridges are formed by  subunits, there is previous evi-the four subunits to proteolysis by a wide variety of
proteases [10], it has been presumed to be largely sur- dence of a Ca2-dependent change in the interaction of
Structure
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the dimers of such proteins typically undergo translation
and rotation with respect to each other [30]. As a result
of this transition, extensive structural alterations occur
in those regions of the protein involved in interdimeric
isologous interactions, which in the case of PhK most
definitely includes its interlobal bridges.
The most pronounced structural change that is in-
duced by Ca2occurs over the region extending from the
lobe tips to the center of the lobe (Figure 4), extending
through the locations indicated for the , , and  sub-
units (Figure 5). Ca2-dependent conformational changes
involving these three subunits are consistent with a large
number of previous biochemical and immunochemical
studies. The catalytic activity of the  subunit within
the holoenzyme is dependent on Ca2 ions [1], and the
C-terminal regulatory region of  has been shown to
contain high-affinity binding sites for calmodulin [27],
consistent with the known direct - interaction [24–26].
That Ca2 causes conformational changes in  has been
previously shown by carboxymethylation, reductive
amination [6], crosslinking [6, 7], and immunoreactivity
[9]. Similarly, Ca2 also affects the conformation of the
 subunit. For instance, formation of a - dimer by
different crosslinkers is perturbed by Ca2 [6–8]. A region
of  proximal to its C terminus and near the lobe tips
[20] has been shown to interact with  [8, 31], and prote-
olysis of this same region is enhanced by Ca2 (O.W.N.
and G.M.C., unpublished data). Based on the above
Ca2-dependent conformational changes, the  subunit
Figure 6. Intralobal and Interlobal Associations of  Protomers clearly communicates with the  and  subunits within
in the PhK Holoenzyme
the PhK holoenzyme. Recent evidence from yeast two-
All panels depict nonactivated PhK in the crossview either as the hybrid studies suggests that the C-terminal regulatoryintact holoenzyme (A) or as fragments of the structure following
region of  that interacts with  also interacts with thedeletion of specific regions of density. The four  protomers are
C-terminal region of  [31]. Thus, it was concluded thatdesignated 1 and 2 in the top lobe and 3 and 4 in the bottom lobe.
(B) Sections of density of the exterior face of the top lobe approxi- the -- Ca2-sensitive communication network may
mating the shape and size of  complexes [12]. be direct and mediated by the regulatory region of 
(C) Removal of density shown in (B) from the remainder of the molecule. [6, 31]. Taken together, all evidence indicates that a
(D) Further removal of density reveals two distinct regions of density structural link among the ,, and subunits is importantcorresponding to protomers 1 and 2 in the top lobe connected to
in the mechanism of activation of the PhK holoenzymeto bottom lobe.
by Ca2. Our results, showing that Ca2 induces distinct(E) Interior lobe face of the bottom lobe revealing points of connec-
tion for the two bridges. structural changes in the regions of the lobes corre-
(F) Equivalent fragments of density for all protomers showing interlo- sponding to the locations of the , , and  subunits
bal but not intralobal connections. provides the first direct structural evidence for an acti-
vating global conformational change involving these
three subunits.
the  and  subunits, namely that the formation of a -
dimer by a -selective crosslinker is altered by Ca2 [6].
The crosslinking of  with other subunits is also altered Biological Implications
by Ca2 [6, 7]. Moreover, preferential formation of -
dimers by the crosslinker 1,5-difluoro-2,4-dinitroben- Protein kinases catalyze phosphoryl transfer from ATP
to protein substrates and are implicated in every aspectzene occurs in several activated forms of PhK, including
one activated by Ca2 and Mg2 [29], a conformer that of cellular regulation. Phosphorylase kinase (PhK), the
most complex member of this family, regulates glyco-has oblique bridges [19]. Thus, structural changes in the
bridges concomitant with activation are consistent with genolytic flux in skeletal muscle by integrating neural,
hormonal, and metabolic activating stimuli through allo-the conformational changes in  detected by chemical
crosslinkers. The change in the geometry of the bridges steric binding sites and covalent modification sites on
its regulatory , , and  subunits. The activity of theinduced by Ca2 suggests a potential role for the 
subunits in altering the dihedral angle between the lobes catalytic  subunit in the 1.3 MDa hexadecameric ()4
PhK holoenzyme is tightly controlled by the regulatoryupon activation. As we have previously discussed [14,
21], PhK, as a pseudotetrahedral dimer of ()2 di- subunits’ constraining quaternary interactions, which
are perturbed by activators. Regardless of the identitymers, may undergo allosteric transitions similar to those
of other tetrahedral proteins that are dimers of relatively of the activators, however, all forms of the enzyme still
require Ca2 for expression of catalytic activity, and thisrigid dimers; specifically, in going from the T to R state,
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head to form a single lobe of PhK [20, 21]. Projections of the modeleffect of Ca2 in skeletal muscle coordinately couples
were calculated in angular increments of 5 in the Euler angle φthe processes of contraction and energy production.
(from 0 to 90) and corresponding increments of the Euler angle Ca2 binds to PhK’s endogenous calmodulin subunit 
(from 0 to 180) to evenly sample all possible viewing directions of
and upon doing so, has previously been shown (primarily the D2 asymmetric unit in the Euler sphere. An array of 98 projections
by protein chemistry) to perturb the structure of the was thus generated. Each image was aligned to each of the projec-
tions in the array, and its final alignment parameters and Euler anglesother subunits in different conformers of the kinase.
were assigned to the projection with the highest correlation. TheTogether, these findings indicate that Ca2 promotes a
same initial model and methodology was used to analyze imagesconformational change involving all subunits of the PhK
of stained Ca2-activated PhK.holoenzyme, and suggest that this conformer is one in
Three-dimensional reconstruction was carried out by combining
a tier of conformations leading to full activation of the the Fourier transforms of all the images, excluding approximately
kinase. The results herein provide a 3D structure of PhK 5%–10% with the worst correlations, using the best-fit Euler angles
from the initial model to define the plane of each Fourier transform.and the first direct evidence of a Ca2-induced global
The three-dimensional Fourier space was filled on an evenly sam-conformational change in that structure.
pled lattice by interpolating the data between the various Fourier
sections after imposing D2 symmetry, and back-transformed to yieldExperimental Procedures
the real-space reconstruction. Structural refinement was carried out
by repeating this process, using the reconstruction as the initialEnzyme and Protein Preparation
model in each subsequent round of refinement. This cycle wasPhosphorylase kinase (PhK) was purified from white skeletal muscle
repeated until convergence was achieved, as judged by no furtherof female New Zealand White rabbits as previously described [32].
changes in the protein structure, as well as minimal reassignmentsThe enzyme was purified through the DEAE-cellulose step, dialyzed
of Euler angles for those images with the poorest correlation coeffi-against storage buffer (50 mM Hepes [pH 6.8], 10% sucrose, and
cients. The resolution of each reconstruction was determined from0.2 mM EDTA], and stored frozen at80C. Glycogen phosphorylase
paired reconstructions, each using half of the aligned images, byb was isolated from rabbit skeletal muscle and purified through
calculating the FSC in successive shells in reciprocal space. Resolu-three successive crystallization steps [33]. Residual AMP was re-
tion was estimated at either the 0.5 correlation cutoff or the 6 (3,moved from phosphorylase preparations by adsorption with acti-
corrected for two-fold symmetry) threshold curve. Reconstructionsvated charcoal. The concentrations of phosphorylase b and PhK
were displayed by surface representation, using a threshold thatwere determined spectrophotometrically using the appropriate ab-
included a total volume consistent with the 1.3 MDa mass of PhK.sorbance indices [34].
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